Water is an essential nutrient necessary to support life, and adequate water supply is crucial for animal survival and productivity. The present study was designed to determine seasonal changes in the water metabolism of horses under outdoor conditions. Total body water (TBW) and total water intake (TWI) of 10 adult Shetland pony mares were estimated at monthly intervals for 14 mo by using the deuterium dilution technique. During the last 4 mo, 5 ponies were fed restrictively to simulate natural feed shortage in winter, and 5 ponies served as controls. The TBW (kg) was closely related to body mass [TBW (kg) = -2.86 + 0.67 × body mass (kg); P < 0.001; n = 105] explaining 86% of the variation. In contrast to TBW (kg), TBW (%) remained relatively stable across all measurements (57.8 to 71.2%). The TWI showed an increase in summer and a decrease in winter [TWI (mL•kg -1 •d -1 ) = 15.07 + 23.69 × month -1.45 × month 2 (R 2 = 0.64, P < 0.01)]. However, TWI measured at ambient temperatures (T a ) < 0°C did not follow the same trend as TWI at T a > 0°C. Therefore, removing TWI values measured at T a < 0°C from the analysis resulted in high correlations with locomotor activity (r = 0.87), T a (r = 0.86), and resting heart rate (r = 0.88). The multiple regression among TWI, T a , and heart rate explained 84% of the variation in TWI [TWI (mL•kg -1 •d -1 ) = -13.38 + 1.77 × heart rate (beats/min) + 2.11 × T a (°C); P < 0.001]. Feed restriction had no effect on TWI and TBW. The TBW content was unaffected by season and physical activity. The established regression equation for TBW and body mass can be used to predict TBW from body mass in ponies under field conditions. The comparison of TWI with published data on drinking water intake revealed that ponies had 1.7 to 5.1 times greater total water intakes when other sources of water such as feed and metabolic water were included. The TWI was highly influenced by environmental conditions and metabolic rate. Contrary to expectation, water supply during the cold seasons might be more critical than under summer conditions when water content of grass is high to allow for the compensation of limited availability of drinking water.
INTRODUCTION
Water is an essential nutrient necessary to support life. The water demand of an animal is influenced by various factors, such as species, body mass, breed, feeding regimen, and physical activity (Crowell-Davis et al., 1985; Cymbaluk, 1990; Kristula and McDonnell, 1994; Scheibe et al., 1998; Hoffmann et al., 2009 ) and may change considerably under outdoor conditions because food composition, ambient temperature (T a ), and solar radiation vary remarkably with seasons.
The direct measurement of drinking water does not account for other sources of water intake such as preformed water in feed and metabolic water (water derived from the metabolism of protein, fat, and sugars) and, therefore, will underestimate the total water flux. In this context, the isotope dilution technique (Lifson and McClintock, 1966 ) is a suitable method for estimating individual water flux in free ranging horses. The total body water (TBW) content is an important variable when determining drug doses and fluid therapies in case of dehydration (Fielding et al., 2004; Riek and Gerken, 2010) . The TBW is also used for assessing body composition in live animals (Robb et al., 1972) and can be influenced by dehydration and body condition (Bakker and Main, 1980; Sneddon et al., 1991) or long-term feed restriction as feed shortage leads to changes in body composition.
A few studies measured the TBW content of horses (Andrews et al., 1997; Forro et al., 2000) , but to our knowledge, long-term studies on total water intake (TWI) and TBW in horses are lacking. Therefore, the aim of our study was to measure TWI intermittently at monthly intervals over an entire year using the isotope dilution technique. We were especially interested in the relationships between TWI and climate, locomotor behavior, heart rate, and food supply.
MATERIALS AND METHODS
The research conducted in this study was performed in accordance with the current laws regulating animal welfare and experiments with animals in Germany and was approved by the State Agency of Consumer Protection and Food Safety of Lower Saxony.
Animals and Management
The study was conducted at the Department of Animal Sciences at the University of Göttingen (Göttingen, Germany), lasting 14 mo from January 2010 until February 2011. Initially, we started with 8 Shetland pony mares; however, the herd was increased to 10 pony mares at the beginning of May 2010. Only females were used in our study to reduce variability. The age of the ponies ranged from 4 to 16 yr and body mass of all ponies over the entire study period ranged from 96 to 233 kg. Ponies originated from different farms in Germany and the Netherlands and were familiar with housing under outdoor conditions. From January 2010 until the end of May 2010 ponies were housed in 2 groups of 4 ponies each on two 210-m 2 paddocks. Subsequently, both groups were increased to 5 ponies each at the same time. Each paddock had permanent access to a separate 18.9-m 2 pen that was covered with straw. Two large exits allowed ponies to enter and leave without rank conflicts. Both identical pens were equipped with 5 feeding stands each (1.35 by 1.60 by 0.55 m height by length by width) ensuring that each horse was able to ingest the required food. During the feeding trial, all restrictively fed animals remained in their feeding stands until the entire feed was consumed. The pens were not heated and, hence, the temperature inside the pens was comparable with the ambient temperature. The dark-light cycle inside the pens fluctuated according to the natural photoperiod. From January 2010 until the end of May 2010, all horses were subjected to the same feeding treatment receiving straw ad libitum and daily 5 kg hay per 100 kg body mass. Additionally ponies received daily 22 g of mineral mixture per 100 kg body mass (Derby Mineralpellets; Derby Spezialfutter GmbH, Münster, Germany) and occasionally small amounts of concentrate (Derby Standard; Derby Spezialfutter GmbH). Water was available ad libitum throughout the experiment at frost proof drinking troughs and, therefore, all our ponies were assumed to be normally hydrated at all times.
From the end of May 2010 until the middle of October 2010, all ponies were kept on a permanent pasture with access to two 4.0 by 3.6 m shelters. In addition to pasture, ponies were offered small amounts of hay and straw to cover the demand of roughage. Minerals were available by a mineral salt lick. In the middle of October 2010, ponies were brought back to the same paddocks with adjacent pens and individual feeding stalls where they were housed until the end of the study (February 2011) . During that time, ponies were allocated into a control and a treatment group of 5 ponies each according to their body mass and BCS (0 = emaciated to 5 = obese; Carroll and Huntington, 1988) , resulting in comparable mean BCS (restricted group: 4.5 ± 0.4; control group: 3.8 ± 0.6), body mass (restricted group: 162 ± 41 kg; control group: 154 ± 39 kg), and age (restricted group: 8.8 ± 4.9 yr; control group: 7.2 ± 2.9 yr) for both groups. Both groups were housed separately in 2 identical rectangular paddocks (210 m 2 ) without vegetation and permanent access to separate pens with individual feeding stalls. In the first 2 wk, both groups were fed identically as described before. After the acclimation period, the feeding trial started, which lasted 4 mo (November 2010 to February 2011), with the 2 groups receiving different diets fed twice daily at 0800 and 1600 h. However, whereas from the beginning of November 2010, the control group received the same diet as before, the experimental group was fed restrictively to simulate limited availability of feed in autumn and winter under natural conditions. The level of feed restriction increased with time to simulate diminishing feed availability in winter under natural conditions. Therefore, the amount of feed offered in the restricted animals was reduced from 100 to 80% of the recommended energy and protein requirements for Shetland ponies (GfE, 1994) until January 21 and then to 70% of recommendation until February 28, 2011.
The daily maintenance requirement of energy and protein for small ponies was assumed to be 0.40 MJ ME•kg body mass -0.75• d -1 (Kienzle et al., 2010 ) and 3 g CP•kg body mass -0.75• d -1 (GfE, 1994) , respectively. However, we expected the energetic needs to be 20% greater for ponies kept in groups and under cold climatic conditions (Kienzle et al., 2010) , resulting in a maintenance requirement of 0.48 MJ ME•kg body mass -0.75• d -1 for our ponies during the winter time. Therefore, the restrictively fed ponies received 0.6 kg hay/(100 kg body mass/d) and 2.0 kg wheat straw/ (100 kg body mass/d); that is approximately 12.5 MJ and 72 g CP/(100 kg body mass/d) from November 1 until January 21 and subsequently 0.4 kg hay/(100 kg body mass/d) and 2.0 kg straw/(100 kg body mass/d); that is approximately 11.0 MJ and 60 g CP/(100 kg body mass/d) until the end of the feeding trial. Over the entire study period body mass was recorded before and after each isotope measurement period, and BCS was evaluated on a monthly basis.
Total Water Intake
The TBW and TWI of ponies were determined at monthly intervals during the entire experimental period using the deuterium oxide (D 2 O) dilution technique (Lifson and McClintock, 1966) . The dilution space of the isotope is considered to reflect TBW content, which is determined by the dilution and equilibration of the labeled water with body fluids. The water turnover rate is calculated from the wash out of the isotope over a known period of time. Before the D 2 O administration, a blood sample of 5 mL was collected from a jugular vein from every animal to specify the natural abundance of 2 H in body fluids. Subsequently, the ponies were injected intravenously with D 2 O of 99.90% purity (0.1 g/kg; Euriso-top GmbH, Saarbrücken, Germany). The individual amount administrated was determined by the mass of the pony before the application, which was measured with a scale (Sartorius CW3P1-150IG-1; Sartorius AG, Göttingen, Germany). The actual dose given was gravimetrically measured by weighing the syringe before and after the administration to the nearest 0.001 g (Sartorius model CW3P1-150IG-1; Sartorius AG). Fifty-four and 102 h after dosing, blood samples (5 mL) were collected from a jugular vein into blood tubes containing sodium citrate. In a pretrial, we included more sample times (i.e., at 6, 24, 35, 54, and 102 h after administration), which resulted in nearly identical equilibration concentrations when compared with samples taken at 54 and 72 h only. Therefore, for financial and animal welfare reasons, we decided to use a 2-sample approach. Blood samples were centrifuged at 1,620 × g for 10 min at 4°C and the resulting plasma was pipetted into 0.7 mL glass vials and stored at -20°C until determination of D 2 O concentration. Analyses for 2 H were performed at the Competence Centre for Stable Isotopes at University of Göttingen. Isotope ratios of 2 H were measured using an online high temperature reduction technique in a helium carrier gas described previously (Gehre et al., 2004) and expressed relative to the Vienna Standard Mean Ocean Water (VSMOW), which is the international reference standard for D 2 O. Isotopic equilibrium concentration and fractional water turnover were computed for each animal by extrapolating the regression of D 2 O concentrations (C t ) on time by the equation
in which C 0 = equilibration concentration (intercept) for D 2 O, k = fractional water turnover (slope), and t = time elapsed from the time of tracer administration (Hollemann et al., 1982) . Isotope equilibration and predose baseline concentration were then used to calculate the D 2 O dilution space (DS) in kilograms by using the formula from Schoeller et al. (1986) :
in which D = dose given in grams, APE dose = atomic enrichment of the dose in per cent (99.90%), MW dose = molecular weight of the dose (D 2 O = 20.02), C 0 = equilibration concentration (expressed as delta), C b = predose baseline concentration (expressed as delta), and R std = ratio of deuterium and hydrogen of VSMOW (i.e., 1.5574 × 10 -4 ). The DS was divided by 1.04 to calculate the TBW content as compiled data indicate that the dilution spaces for D 2 O are overestimated by 4% (Schoeller, 1983) . As body mass did not differ between the beginning and the end of each measuring period, no corrections for changing pool size were necessary. The body water fraction, which is the TBW content as a percentage of body mass, was calculated as TBW in kilograms divided by body mass in kilograms. Finally, the TWI was calculated after Oftedal et al. (1983) :
in which Lost = amount of daily water lost, G = amount of daily water stored, and k = daily water turnover rate. The TWI, therefore, includes drinking water, preformed water ingested by food, and metabolic water.
Heart Rate
Heart rate was recorded every 2 wk with a stethoscope between 1200 and 1300 h 3 times each for 60 s. Before measurements, ponies were at rest for at least 5 min as they were loosely tied with a rope but with visual contact to other ponies. The ponies were familiar with the handling and, therefore, any impact of the measuring procedure on heart rate recordings was assumed to be minimal.
Locomotor Activity and Ambient Temperature
To record the locomotor activity (LA), pedometers (Activity-Lying-Temperature-Pedometer; Engineering Office Holz, Falkenhagen, Germany) were fitted to ponies. Pedometers included 4 sensors that allowed the recording of LA and lying time. The measured LA consisted of activity impulses generated by the front leg and was registered continuously, with a maximum of 2 impulses recorded per second. The data were summarized and stored in 15 min intervals. Pedometers were lined with a silicon pad to avoid pressure marks on the foreleg. The T a and relative humidity (RH) were recorded continuously every 10 min by 2 data loggers (Tiny View TV 1500; 0.25°C temperature resolution and 0.5% humidity resolution; Gemini, Chichester, West Sussex, UK) over the entire experimental period.
Statistical Analysis
Statistical analyses were performed using SAS (SAS Inst. Inc., Cary, NC). A nonlinear regression procedure was used to extrapolate the regression of C t on time. A total of 110 calculated TBW and TWI measurements were included in the analysis. Heart rate, LA, and body mass were arranged into classes resulting in 15 classes for heart rate and 14 classes for LA. The TBW and TWI data were subjected to an ANOVA using a nonlinear variance model with body mass as a covariate. The model was
in which Y ijklmn = observation value, µ = overall mean, H i = fixed effect of the heart rate class, T j = fixed effect of the T a class, L k = fixed effect of the LA class, G l = fixed effect of the treatment group, A m = random effect of the animal, b ijklm (BM) = linear regression coefficient on body mass, and e ijklm = random error.
RESULTS
Body mass varied over the course of the year for all ponies with the lightest average values recorded in February (138 ± 36 kg) and the heaviest in October (158 ± 38 kg; Table 1 ). The BCS followed a similar pattern with peak values in October (4.1 ± 0.7) and lower scores in February (3.1 ± 1.0). Restrictively fed animals decreased their body mass and BCS in winter months when feed was gradually reduced [BCS = 5.4 -0.73 × month (R 2 = 0.65, P < 0.001); body mass (kg) = 165.7 -4.1 × month (R 2 = 0.12, P < 0.05)] whereas in the control mares body mass and BCS did not change [BCS = 3.4 -0.09 × month (R 2 = 0.03, P = 0.43); body mass (kg) = 149.8 -0.22 × month (R 2 = 0.05, P = 0.93)].
There were no differences in LA, TBW (%), TBW (kg), and mass-specific TWI (i.e., mL•kg -1 •d -1 ; Table 2 ) between the control and feed restricted animals over the entire feeding trial. The TBW over the entire study period ranged from 50.9 to 78.3%. The TBW values in June 2010 (71.2 ± 5.0%) were greater (P < 0.05) than those in September 2010 (57.8 ± 1.8%; Table 1), January 2010 (62.3 ± 6.3%), or February 2011 (58.2 ± 5.2%; Table 2 ). There was no relationship between TBW (%) and heart rate, T a , and LA. However, the relationship between TBW (kg) and body mass was very strong [TBW (kg) = -2.86 + 0.67 × body mass (kg); P < 0.001], explaining 86% of the variation in TBW (Fig. 1) . In contrast, TBW (%) was not affected by body mass [TBW (%) = 43.8 + 0.14 × body mass (kg); R 2 = 0.06)].
The seasonal variation in mass-specific TWI followed a nonlinear pattern with an increase in summer and a decrease in autumn [TWI (mL•kg -1 •d -1 ) = 15.07 + 23.69 × month -1.45 × month 2 ; R 2 = 0.64, P < 0.01; Fig.   Table 1 . Average monthly body mass (BM), BCS, water turnover rate (k), total body water (TBW), total water intake (TWI), locomotor activity (LA), and resting heart rate (HR) in Shetland ponies (n = 10) 2]. Greatest and lowest mass-specific TWI were recorded in September 2010 (135.1 ± 6.9 mL•kg -1 •d -1 ) and January 2011 (50.5 ± 19.9 mL•kg -1 •d -1 ), respectively. Although mass-specific TWI was highly correlated with LA (r = 0.78, P < 0.01), heart rate (r = 0.74, P < 0.01), and body mass (r = 0.73, P < 0.01), the correlation with T a was only moderate (r = 0.58, P < 0.05). However, mass-specific TWI in January at T a < 0°C (n = 7) deviated from the general linear trend (Fig. 3) . After exclusion of these data, recalculated correlations with mass-specific TWI were considerably greater (LA: r = 0.87, P < 0.001; heart rate: r = 0.88, P < 0.001; and T a : r = 0.86, P < 0.001).
The animal effect was considerable, underlining large individual variation for mass-specific TWI (P < 0.001). The multiple regression calculated between massspecific TWI, T a , and heart rate [TWI (mL•kg -1 •d -1 ) = -13.38 + 1.77 × heart rate (beats/min) + 2.11 × T a (°C); P < 0.001] explained 84% of the variation in massspecific TWI. The relationships between mass-specific TWI and heart rate [TWI ( 
DISCUSSION
As far as we know, this is the first study to measure TBW and TWI in an herbivore over an extended period of time (14 mo) under temperate seasonal weather conditions. Our results indicate that TWI is greater for Table 2 . Average monthly body mass (BM), BCS, water turnover rate (k), total body water (TBW), total water intake (TWI), locomotor activity (LA), and resting heart rate (HR) for restrictively and control fed Shetland ponies (n = 10) ponies than previously expected and that mass-specific TWI is strongly affected by T a , locomotion, and heart rate.
Total Body Water
In our study, the TBW changed linearly with body mass. The resulting regression equation [TBW (kg) = -2.86 + 0.67 × body mass (kg)] can serve as an orientation to predict TBW contents for a large size range of ponies and provide information for medical treatments or prediction of body composition. However, these data are mostly applicable for normally hydrated ponies as increasing dehydration leads to a progressive decrease in TBW values (Elhadi, 1986) . As only mares were used in this study, sex differences in TBW cannot be ruled out; however, our prediction equation agrees with TBW (kg) contents for Namib horses, Quarter horses, Thoroughbreds, Percherons, and ponies of both sexes calculated by other authors (Julian et al., 1956; Deavers et al., 1973; Sneddon et al., 1991) . Similar prediction equations have been derived for cattle (Andrew et al., 1995) and llamas . In contrast to TBW (kg), the TBW (%) remained fairly constant with changing body mass, indicating that the water fraction of the body was not influenced by the size of the animals. Neither TBW (%) nor TBW (kg) were affected by seasonal changes of temperature and feed quantity and quality as well as the metabolic rate indicated by changes in resting heart rate. The measured TBW values, ranging from 57.8 ± 1.8% to 71.2 ± 5.0% (mean = 64.9 ± 4%) in our ponies, were in the normal range reported for adult mammals (Hinchcliff et al., 1997; Toerien et al., 1999; Riek and Gerken, 2010; Al-Ramamneh et al., 2010 , 2011 . Our values are also in line with data on TBW in other equines, ranging from 55 to 67% (Julian et al., 1956; Deavers et al., 1973; Fielding et al., 2004; Radostits et al., 2005) .
Total Water Intake
As far as we are aware, our study is the first to report seasonal variations of TWI in horses on pasture based on the isotope dilution technique. Although there are several studies measuring drinking water intake in horses (Crowell-Davis et al., 1985; Meyer et al., 1990; McDonnell and Kristula, 1996) , none of them measured TWI, which includes not only drinking water but also preformed water in feed and metabolic water.
Published experimental results indicate high variations in the intake of drinking water in horses. Although the Przewalski horse drinks, on average, about 10 to 60 mL•kg -1 •d -1 (Scheibe et al., 1998) , domesticated horses are reported to consume 25 to 80 mL•kg -1 •d -1 (Meyer et al., 1990; Johnson, 1998 ingested originates from sources other than drinking water (i.e., feed and metabolic water).
Our long-term study revealed pronounced seasonal variations. In late summer, water turnover in our ponies was considerably greater compared with the winter months, most likely because of an increased drinking water intake in summer, as has been shown by McDonnell and Kristula (1996) in pony stallions (approximately 42 mL•kg -1 •d -1 ). Increased T a in summer are expected to activate thermoregulative mechanisms for dissipation of metabolic heat to keep the body core temperature in a physiological range. As evaporation in association with sweat production are the main mechanisms of heat loss in horses under higher temperatures (Morgan, 1997; Hoffmann et al., 2009) , large amounts of water may be lost with increasing T a , thus explaining the need for increased water intakes and a greater water turnover in the body. Furthermore, greater metabolic rates of the animals in summer would have produced increased quantities of metabolic water. Although animals had free access to water, we observed lower TWI in our ponies (January: 50.1 mL•kg -1 •d -1 ) in winter compared with summer, presumably because of the reduced drinking water intakes as observed by Kristula and McDonnell (1994) . In a study with Welsh pony mares, drinking water consumption approached 0 with T a below 10°C (Crowell-Davis et al., 1985) . Contrarily, our ponies showed increased TWI with T a below 0°C, irrespective of the feeding regimen. A possible explanation might be that throughout the time T a were below 0°C (December 2010), a closed snow cover of 1 to 23 cm was present and ponies might have consumed snow during foraging. In addition, high DM contents in winter diets based on hay and straw lead to a reduced digestibility and an increased amount of feces. Therefore, greater amounts of water are lost via feces, and drinking water intake may have increased accordingly (Meyer, 1992) . Another reason might be that the thick snow cover constrained foraging and led to greater drinking water intake as a compensating behavior. Alternatively, below 0°C, the amount of metabolic water generated may have increased by chemical thermogenesis (Sileshi et al., 2002) to cover energetic demands under very cold temperatures.
A large amount of the observed seasonal variation in TWI (84%) was explained by changes in heart rate and T a . After removal of the mass-specific TWI values measured at a T a below 0°C, the relationship between TWI and T a as well as between TWI and heart rate was statistically significant, explaining more than 54% of the variation in TWI. In this context, it is of interest to note that only the relationship between TWI and T a as well as heart rate was statistically significant. Indeed, activity elevates the heart rate and, simultaneously, the thermoregulation needed to eliminate the heat produced by an increased muscle tonus (Kamen, 2001) . However, the observed increase in TWI with increasing heart rate in summer cannot be attributed to greater LA of the animals because we measured heart rate at rest. Heart rate is closely related to the oxygen consumption of the body (Butler et al., 2004) , which in turn is associated with metabolic activities. Therefore, heart rate is a reliable indicator of the metabolic rate (Renecker and Hudson, 1985; Bevan et al., 1995; Brosh et al., 1998; Brinkmann et al., 2012) . During the summer, resting heart rates reached values up to 60 beats per min, being close to the upper critical value for ponies (Schwarzwald et al., 2012) , indicating increased metabolic activities. The simultaneous increase of resting heart rate and TWI under hot summer conditions may be attributed to an increase in metabolic activity because of the thermoregulative processes but also to greater digestive activity because of the greater food intake in summer (Arnold et al., 2006) . Under our free ranging conditions, however, increases in both heart rate and T a were interrelated.
Both feeding groups did not differ in their TWI. Contrarily, Gupta et al. (1999) observed reduced drinking water intake in mules and donkeys during starvation, and Kronfeld (1993) reported the same effect for horses. Although heart rate and, thus, metabolic rate as well as body mass decreased in our restricted animals, there was no impact on TWI. The restrictively fed group would have been expected to have reduced TWI as they consumed less food and showed decreased metabolic rates. However, the comparable TWI with the control group may have been caused by the development of an over-drinking (polydipsia) behavior that is motivated by hunger as observed (e.g., in pigs; Yang et al., 1984 ). An alternative explanation could be an increase in the generation of metabolic water because of the metabolic processes such as protein and fat degradation to cover energy demands (Young, 1976; Milbury, 1997) .
As mentioned before, our study may have been the first to report long-term changes in TBW and TWI of ponies in a seminatural outdoor system and shows that under yearround seminatural outdoor conditions, seasonal variations in water flux closely follow environmental conditions. We conclude that the TBW (%) in our horses was independent of T a , LA, body mass, and feed restriction. The calculated prediction equation for TBW (kg) in normally hydrated ponies can serve as an orientation for administrating drug doses. The TWI increased with increasing T a , LA, heart rate, and mass. The comparison among reported data on drinking water intake and our TWI measurements indicate that horses on pasture ingest considerable amounts of water from sources other than drinking water (up to 70%). Particular attention needs to be paid to the water intake at temperatures below 0°C, as the water demand may be greater than expected. Contrary to expectation, water supply in winter might be more critical than under summer conditions when the water content of grass is high. Therefore, the adequate water supply of horses under year-round seminatural outdoor conditions requires special attention to meet maintenance and welfare requirements.
LITERATURE CITED

